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Photon correlation measurements on single InAs/GaAs quantum rings embedded in a photonic crystal lattice
demonstrate single-photon emission with g20 values of 0.4 and photon antibunching between the exciton
and biexciton emissions. The measured photon antibunching times of the excitons are longer than that of the
biexcitons, resulting in the time asymmetry of the exciton–biexciton photon cross-correlation. Phonon side-
bands due to the piezoelectric coupling of excitons to acoustic phonons broaden the emission lines and shift

































ingle-photon emission (SPE) by semiconductor quantum
ots for quantum information applications has been dem-
nstrated in past years [1–4]. The SPE signature is pho-
on antibunching, i.e., a minimum in the second-order
hoton correlation function g2 at zero delay time 
0. Semiconductor quantum rings (QRs) of nanometer
ize are quasi-zero-dimensional structures producing to-
al carrier confinement, as quantum dots (QDs), but
howing new properties resulting from their ringlike
hape [5–7]. QRs are interesting systems for physics and
pplications for at least two reasons. First, they display
ngular momentum dependent properties, such as
haronov–Bohm type effects [8–11] including oscillatory
ersistent currents [12]. Second, they allow better control
f their optical properties than do QDs by varying shape
arameters such as ring width or outer-to-inner radius
atio. As for applications, infrared photodetectors with
mproved spectral range and temperature stability, com-
ared to QD-based ones, have been reported [13]. The pos-
ible use of QRs as single-photon emitters is interesting
n view of the increased flexibility in electronic structure
esign compared to QDs. Besides, the ability to grow QRs
n photonic crystals (PCs) (and eventually on optical cavi-
ies embedded in it) opens the possibility of studying
uantum electrodynamics effects using quantum rings.
hoton antibunching under pulsed excitation has been re-
orted recently [14] in GaAs/AlGaAs double QRs with
20 values below 0.5 for ring diameters below 50 nm.
In this paper we present second-order time-correlation
easurements of the exciton (X) and biexciton (XX) emis-
ion lines of a single InAs/GaAs QR embedded in a PC
nder continuous nonresonant excitation. Unlike pulsed
xcitation, this method allows us to measure not only the
ntibunching minimum but also the characteristic time0740-3224/10/060A21-4/$15.00 © 2rise time, R) of g2. Clear photon antibunching and
unching is observed by detecting coincidences in auto-
nd cross-correlation configurations, respectively. The R
alue of the exciton emission is significantly larger than
hat of the biexciton one. This is consistent with the
symmetric shape of the X–XX photon cross-correlation
ear =0. To the best of our knowledge, this is the first
xperimental determination of the antibunching times in
Rs.
. EXPERIMENT
elf-assembled InAs QRs were grown by solid-source mo-
ecular beam epitaxy [15] inside a 158 nm thick GaAs slab
rown on top of a 500 nm thick Al0.75Ga0.25As sacrificial
ayer. An atomic force microscopy (AFM) image of the un-
apped layer indicates a QR surface density of
.5·109 QRs/cm2 (Fig. 1). The QR height average is 2 nm,
nd the average lateral size is 50 nm in the (1–10) direc-
ion and is 20% longer in the (110) direction, due to the
nisotropy in the In diffusion coefficient. Cross sectional
canning tunneling microscope (STM) images reveal that
he QR shape is maintained after capping [16]. A PC tri-
ngular lattice of holes of 140 nm diameter with a lattice
onstant of 230 nm was patterned by e-beam lithography
nd dry etching [17]. Air-suspended membranes were re-
lized by sacrificial etching of the underlying AlGaAs
ayer. The PC provides a photonic bandgap for the QR
mission in order to enhance the light extraction effi-
iency [18]. The photonic bandgap of our PC ranges from
36 nm to 952 nm.
Photoluminescence (PL) spectra of single QRs were
aken with a micro-PL setup perpendicular to the sample
urface under nonresonant excitation using a He–Ne la-































































A22 J. Opt. Soc. Am. B/Vol. 27, No. 6 /June 2010 Gallardo et al.ingle spectrometer. The collection aperture was NA 0.5
ith a spot size 2 m, and the spectrometer slits were set
o a resolution of 100 eV. We selected a QR in the high-
nergy tail of the QR distribution to have only a few QRs
mitting in the laser spot. The intensity correlation mea-
urements were done with a Hanbury–Brown and Twiss
nterferometer located at the second exit of the spectrom-
ter. Two avalanche photodiodes with 30% efficiency at
he QR emission wavelength 920 nm were used for coin-
idence detection. Their response time 0.5 ns was mea-
ured with 2 ps pulses of a Ti-sapphire laser. Count rates
t the detectors were around 3000 counts/s —a factor of 6
tronger than QRs located outside the PC. All measure-
ents were performed at 7 K.
. RESULTS AND DISCUSSION
L spectra of a single QR for different excitation powers
re shown in Fig. 2. Three emission peaks are identified
ccording to their intensity I versus excitation power P
ependence IP. We obtain =1.02 for X, =1.87 for
X, and =1.39 for the peak at 1.355 eV. According to its
ower dependence and its energy relative to X and XX, we
ttribute the peak at 1.355 eV to the positive trion X+.
ig. 1. (Color online) AFM image of the uncapped layer of InAs
Rs.
ig. 2. Power-dependent PL spectra (normalized to the X line
ntensity) of a single InAs/GaAs QR.he peak widths of X and XX are rather large 0.7 meV
ompared to QD excitons, similarly as reported for GaAs
Rs [15]. The origin of this large width is not known, but
t is possibly related to spectral diffusion. The X and XX
ine shapes change significantly upon decreasing excita-
ion power: they broaden and slightly red-shift. This be-
avior has been reported for InAs/AlAs QDs and ex-
lained in terms of sidebands due to acoustic phonon
mission [19]. Increasing the excitation power screens out
he piezoelectric coupling of X and XX to acoustic
honons, leading to a transition from broad spectra domi-
ated by low-energy phonon sidebands to narrower lines
orresponding to the zero-phonon-line exciton emission.
he X and XX emission energies do not show any observ-
ble dependence on linear polarization. We can estimate
n upper limit for the exciton fine structure splitting [20]
f 70 eV.
The second-order photon autocorrelation function of
he exciton is presented in Fig. 3(a). The solid curve is a
t to the standard expression
g2 = 1 −  exp− /R, 1
onvoluted with the time-response function of the detec-
ors. The function found for our detectors was of the form
xp− /, with a response time  of 0.5 ns. The deconvo-
uted values found are g20=0.42 and R=1.2 ns, corre-
ponding to the dashed curve in Fig. 3(a). As the signal-
o-noise ratio is typically above 0.9, the background [21]
ontribution to g20 is small. Subtraction of this contri-
ution gives g20=0.34 and the same R. A similar anti-
unching behavior has been observed in few QRs with an-
ibunching times ranging from 1 to 2.5 ns. The
orresponding values for the XX autocorrelation function
not shown) are g20=0.27 and R=0.6 ns. The g20
ig. 3. (Color online) (a) Autocorrelation function of the X emis-
ion and (b) cross-correlation function between X and XX emis-
ions of a single InAs/GaAs QR. The red continuous curves rep-
esent the fits convoluted with the detector response function;






























































Gallardo et al. Vol. 27, No. 6 /June 2010/J. Opt. Soc. Am. B A23alues below 0.5 indicate SPE. The XX–X cross-
orrelation function is shown in Fig. 3(b). Start and stop
ignals are given by the XX and X photon detection, re-
pectively. The asymmetric shape is characteristic of the
iexciton–exciton emission cascade, as the exciton emis-
ion probability is increased (decreased) right after (be-
ore) biexciton emission. The full line-shape analysis re-
uires solving a rate equation system involving several
R states with up to nine parameters [22,23]. Instead, we
ave used a simple exponential fit (solid curve) to have an
stimate of the involved times. The left-hand side of Fig.
(b) shows a characteristic time of 2.4 ns, whereas the
ight-hand side shows a faster evolution R=1.3 ns. This
ime asymmetry is the consequence of the different rise
imes found in the autocorrelation functions of X and XX.
or an empty QR, the capture of an electron–hole pair can
esult in either a bright (angular momentum ±1) or a
ark (angular momentum ±2) exciton. Instead, the cap-
ure of a second e–h pair by any exciton (either bright or
ark) always results in an optically active biexciton. As
he excitation intensity in our experiments is set to have
lmost equal X and XX PL intensities, the probability of
mitting two consecutive X photons with short time delay
s expected to be lower than between XX photons. The
ame qualitative argument applies to the different R val-
es for 0 and 0 observed in Fig. 3(b). The emission
robability of a XX photon shortly after an X one should
e smaller than the other way around. After emission of a
X photon, the QR is immediately ready to emit an X one,
ut after X emission the QR has to be charged again with
wo electron–hole pairs before emitting a XX photon.
. CONCLUSIONS
n summary, we present evidence of single-photon emis-
ion by InAs quantum rings inside a photonic crystal lat-
ice, given by auto- and cross-correlation measurements
f the exciton and biexciton transitions. The line shapes of
he different g2 functions indicate characteristic times
onger for the exciton emission than for the biexciton one
or similar emission intensities. At low excitation powers,
he spectral shapes of both X and XX emission lines are
ominated by acoustic phonon sidebands due to their pi-
zoelectric coupling to excitons.
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